Protection factors were measured on full face mask power assisted respirators when worn by experienced asbestos removal operatives under simulated asbestos removal work conditions. The sulfur hexafluoride test method as defined in European Standards was employed to determine the leakage into the respirators. Protection factors were measured on a total of 21 test volunteers. The test method allowed protection factors to be related to wearer activities and practices. Poor fitting techniques and simulated reduction in the respirator's performance resulted in a reduction in the protection factor. Visual inspection of the RPE usually worn by the volunteers identified inadequate maintenance. This study re-emphasises that careful selection, facepiece fit testing and correct use and maintenance of RPE are essential to ensure optimum protection to the wearer.
INTRODUCTION
As an aid to the correct selection of respiratory protective equipment (RPE), RPE was historically ranked on the basis of the Nominal Protection Factor (NPF). The NPF is derived from the European Standards to which RPE is tested, e.g. a power assisted respirator (PAR) with a full face mask has a calculated NPF of 2000 [based on a maximum permitted inward leakage of 0. 05%, BSEN 147 (1992) ].
Studies into RPE workplace performance have provided evidence to suggest that the actual workplace protection provided by RPE can be lower than the NPF. In order to take account of the incidence of lower performance, Assigned Protection Factors (APF) have been derived for different classes and types of RPE. Values of APF have been incorporated into the revised British Standard BS4275 (1997) and the Health and Safety Executive's Guidance HSG53 (1998) and INDG 288 (1999) . The APF is a guide to the minimum protection afforded to a large proportion of RPE wearers in the workplace.
BS4275 defines the assigned protection factor as: The level of respiratory protection that can realistically be expected to be achieved in the workplace by 95% of adequately trained and supervised wearers using a properly functioning and correctly fitted respiratory protective device. The APF for a PAR with a full face mask fitted with high efficiency particulate filter(s) is currently 40.
The above definition of APF raises further questions. If the APF applies to 'adequately trained and supervised wearers using a properly functioning and correctly fitted respiratory protective device', then what other mechanisms are involved which result in such low protection for some wearers? Also, what factors result in some wearers achieving very high protection factors? Answers to these questions are needed to provide guidance to the industry, with the ultimate aim of improving the workplace protection of RPE.
Study objectives and rationale
The main objective of the study was to make continuous real time measurements of protection factor which, coupled with visualization techniques, would allow identification of practices which result in low and high inward leakage. The aim was not to establish workplace protection factors since this is purely a simulation exercise.
The study rationale was for an experienced asbestos removal worker to don properly maintained RPE, of the type they usually wore, and to carry out simulated asbestos removal work, for a period of 3-4 h, inside a test chamber, allowing continuous measurement of the protection factor throughout the test. This laboratory simulation was designed to be a close resemblance to the real workplace. Another major part of this study was the gathering of information from the volunteers on aspects of RPE training, usage and maintenance, together with observation of the fitting procedures used and an examination of the volunteers' own RPE.
Participation by the asbestos removal industry
The volunteers used in this study were experienced asbestos strippers employed by a number of firms which were members of asbestos trade associations based in the UK. This helped to ensure that realistic working practices were adopted and assessed.
TEST METHOD

Measurement of inward leakage
The inward leakage measurement technique employed was adapted from the European Standard test methods described in BSEN 147. This method employs continuous real time leakage measurement which permits the nature of the leakage to be identified, i.e. to be able to distinguish between poor protection resulting from a prolonged period of moderate fit or from a brief period of bad fit. This is not possible with workplace studies which use timeaveraged fibre counting (HSE, 1996) or gravimetric sampling. Figure 1 shows a schematic diagram of the experimental system.
The concentration of the SF 6 /air challenge gas in the chamber and within the respirator was continuously measured using an infrared gas analyser (Binos 1004, Fisher Rosemount, GmbH, Hasselroth, Germany) specifically engineered for the measurement of SF 6 . A PC was connected to the gas analyser for data recording and analysis.
The SF 6 challenge concentration was maintained between 1000 and 1200 ppm throughout the duration of the test. This inward leakage measuring technique assesses all sources of leakage into the respirator (e.g. face seal leakage, exhalation valves, connectors, seals etc.) with the exception of penetration through the respirator's filter, therefore the measured inward leakage value is not total inward leakage (TIL).
Video visualisation system
A Picture Mix Exposure (PIMEX, ibc, Liensvagen 1, S730 91 Riddarhyltan, Sweden) visualisation technique (Rosen and Lundstrom, 1987) , was incorporated into the study. This method combines video filming the work activity together with simultaneous measurement of the respirator leakage. The PIMEX displays the output of the gas analyser as a bar graph at the edge of the video image; the height of the bar graph being proportional to the leakage.
The recorded image can be viewed following the test and any correlation between worker activity and respirator leakage can be identified.
Simulated asbestos stripping box
The test was conducted inside a test chamber with dimensions 3 × 2 × 3.6 m (HWL) which incorporates a variable air distribution and conditioning system. The chamber can be set to a recirculating configuration which enabled a constant SF 6 challenge concentration to be established uniformly within the test chamber. The air conditioning unit provided a means of controlling the temperature inside the test chamber between 19 and 32°C.
A specially constructed stripping box was installed inside the HSL test chamber. The stripping box was a 5-sided box with dimensions approximately 2.0 × 2.5 × 1 m (HWD). All the internal sides were lined with 12 mm plaster board. The plaster board was nailed and glued into place so that some effort was required to remove it. A square section 'duct' (approximately 300 mm square), ran through the box from one end to the other. This was externally lined with 12 mm plaster board. One side of the box was open providing access into the box so that the internal base, back, two ends and the top could be stripped and re-lined. The stripping box was designed to require the volunteer to work whilst standing, kneeling, bending, squatting, sitting, and in restricted spaces.
The volunteers were asked to remove the plaster board in the way they would normally work when removing asbestos lagging and asbestos insulation boards (AIB). A range of hand tools, e.g. hammer, chisel, paper scrapers, were provided for the test volunteers. Once the plaster board had been removed, it was bagged up and the area swept with a hand brush. The box was then relined by the volunteer before the test was concluded. The removal, cleaning up and relining exercise was designed to provide work for around 3-4 h for the test volunteer.
Test volunteer's RPE
The test volunteers were asked to bring with them the RPE that they would normally wear. The purpose of this was twofold. Firstly, this enabled the RPE worn for the test to be correctly matched to the RPE normally worn by the volunteers, and secondly, this provided an opportunity to visually examine the condition of their own RPE.
RPE used in the test
The RPE employed in this study were provided by HSL and had been tested and examined to ensure that they were correctly functioning within the manufacturers' specifications. The respirators were power assisted respirators (PARs) incorporating a full face mask and were CE marked to BSEN 147 (1992) . These respirators incorporate a battery powered fan unit which draws air through one or more P3 (>99% efficient) filter(s), before feeding the filtered air to the face mask. Two types of power assisted respirators were used in this study:
(a) Type A-a full face mask with integral fan and filter unit and a belt mounted battery pack. (b) Type B-a full face mask, to which is connected a breathing hose which delivers the air from the belt mounted fan/filter/battery unit.
Two types of full face masks were used with the Type B respirator. The type of face mask the test volunteer brought with him determined which model would be used in the test.
Face mask and filter modifications
To reduce sample bias the face masks were fitted with a multi-holed sample probe, positioned close to the wearer's lips, as used in the European Standard method for measuring inward leakage into PAR (BSEN 12942, 1999) . Air inside the face mask was sampled at a flow rate of 1 l/min. A second sample line was connected to the outside front of the face mask, remote from the exhalation valve, to measure the ambient SF 6 concentration.
As a mixture of air and SF 6 was used as the challenge atmosphere, breathable air free of SF 6 needed to be provided to the volunteer. This was achieved by adapting the filter on the RPE so that a length of lightweight wide bore tubing, 'clean-air tube' (CAT), could be attached, through which the user would obtain air free of SF 6 . The tube was secured to the air inlet on the filter housing. This arrangement enabled the RPE, including face-seal, mask connector, valves and seals, to be exposed to the test challenge. The CAT was secured to the waist belt of the RPE to avoid any extra weight or force being exerted upon the face mask. The CAT and sample lines were also supported on a self-retracting line so that they would not obstruct the volunteer.
To avoid any extra breathing resistance being imposed on the wearer, which could in turn increase the possibility of face seal leakage, the resistance to flow of the modified filter and the CAT had to be similar to the unmodified filter. By removing the filter material from the modified filter and adjusting the pressure of the clean air supply, it was possible to compensate for any additional breathing resistance.
Reduced battery charge and 'power-off' conditions
The protection afforded by a PAR is partly dependent on the supply of air to the face mask. The greater the air flow rate the greater is the positive pressure inside the face mask. More importantly, higher air flow rates counteract the tendency to negative pressure inside the face mask during inhalation. Under normal use, a PAR should be fitted with a fully charged battery pack at the start of the shift (work), which would deliver an air flow rate greater than the manufacturer's minimum design flow rate (if an unclogged filter is used), to the face mask. During the shift the battery pack discharges and the resistance to air flow through the filter increases, due to loading on the filter, and subsequently the air flow rate to the face mask falls. To simulate this in the study a fully charged battery pack was given to the test volunteer at the start of each test. To simulate a battery pack nearing the end of its duration, a partially discharged battery pack was used for a short period during three tests with the Type A respirator.
To simulate a total power failure the PAR was switched off for a short period during the tests, (in seven tests with the Type A respirator and in six tests with the Type B respirator). Under these conditions the volunteers continued to work as before. When in power failure mode the PARs should function as negative pressure respirators.
Donning of the RPE by the test volunteers
RPE of the type normally worn by the volunteer, together with an air flow indicator and manufacturers' user instruction, were provided for use by the volunteer. Once the volunteer was dressed in the necessary PPE, (i.e. coverall, boots etc.), he was asked to don the respirator in the same manner as he would when working on an actual asbestos removal job. The method of donning the respirator was recorded, e.g. was the face mask fitted in accordance with the manufacturers' instructions; was the air flow indicator used; was a negative pressure test conducted? At this stage the test volunteer was not advised on donning techniques.
The test protocol adopted was that the test would commence regardless of how well or otherwise the face mask had been fitted, in order to obtain a measurement of leakage under these conditions. In the case of a poorly fitted face mask, after sufficient time had elapsed to make an assessment of the quality of fit, the test was paused and the volunteer asked to refit the face mask following the correct fitting procedure which was then explained to the volunteer.
Working in the stripping box
After donning, the test volunteer entered the test chamber and the CAT and sample lines were attached to the RPE. Once the test challenge concentration was at the required level the volunteer started stripping the box. The volunteer and the RPE were continuously observed throughout the test and any changes to the fit of the face mask, i.e. loose head strap, volunteer adjusting his fit or catching his mask on the box etc., were noted.
Ambient conditions
To assess whether facial sweating had any effect on the leakage around the face seal of the face mask the air temperature and humidity inside the test chamber was adjusted within the range 19-32°C and 20-95% RH. The temperature and humidity were recorded on a data logger at 5 min intervals throughout the test.
Actions post test
At the end of the test, a record was made of the visual fit of the mask, any loose head harness straps, any deposits of plaster dust on the face mask. The test volunteer was asked to comment on the fit of his mask and on the task he'd just completed. Tables 1-3 and Figs 2-4 summarise the relevant data from the study and give examples of individual results which are described below in more detail.
TEST RESULTS
Calculation of protection factors
Since the concentration of the challenge gas both inside and outside of the face mask was continuously measured and logged over the whole test, (the average duration being 3.5 h), any period within the test duration could be analysed and the corresponding protection factor calculated. For each test where a variation in either the face fit or the respirator condition (e.g. 'power-off') had been observed or introduced, these periods were examined and separate protection factors were calculated.
Therefore for each test, (where applicable), the following protection factors were calculated: (a) the mean protection factor over the whole duration; (b) the mean protection factor for the initial fitting; this either applied to the whole test duration when the initial fitting was good and where the fit did not deteriorate over the test duration; or applied only to a short period of time until the fit was readjusted. (c) the mean protection factor was calculated for periods where wearer actions had an effect on the leakage, e.g. the head harness became loose, where the test volunteer readjusted his mask or where the fit deteriorated due to sweating. (d) the mean protection factor over the period where the PAR was switched-off or a battery pack of lower charge was connected. (e) minimum minute mean protection factor observed.
The results are presented in Table 1 in terms of mean protection factors quoted to the nearest 50. Since protection factor is the reciprocal of inward leakage all mean protection factors quoted are harmonic means.
The original data (i.e. concentration inside and outside the RPE) was sampled 10 times per second. With the average test duration being 3.5 h, an average 126 000 protection factor points were recorded for each test; the results quoted are calculated from this data.
When using RPE there is always the potential for short term 'high' leakages to occur. These peaks are normal even with a relatively well fitting mask. They may be caused by knocking the mask during work activities or taking a deep breath. Providing they last for only a few seconds, such leaks make a smaller contribution to the overall protection factor than do smaller but sustained leaks. Because the data was logged at 10 samples per second, even leaks of very short duration were recorded. In order to present a clear plot of the data the number of data points was reduced by taking 1 min means over the test duration. This effectively hides short duration spikes and prevents them from obscuring the more important sustained leakage. 
Protection factors measured for the 'initial fit'
For each test, irrespective of the quality of the initial fitting, the test commenced and the protection factor was measured for at least 30 minutes before the volunteer was asked to adjust or refit his mask. Occasionally the volunteer adjusted the mask without any prompting. This period of the test is referred to as the 'Initial fit' in Table 1 . On eight tests, the fit of the mask was adjusted at sometime during the test duration. In tests nos. 9 and 12 the protection factor was reduced considerably following adjustment of the fit. The mean protection factor result following adjust- Period 2 Head harness tightened-the wearer tightened the head harness on own initiative-though one strap was still fairly loose
7143
Period 3 Power off-the battery pack was disconnected from the respirator 43
Period 4 Power on-the battery pack was reconnected to the respirator 5263
Period 5 Power off-the battery pack was disconnected from the respirator 28
Period 6 Power on-the battery pack was reconnected to the respirator 3846
Period 7
Partially discharged battery pack-fitted in place of original battery pack 1333
Period 8
Original battery pack-reconnected to the respirator 5882
Period 9
Power off-the battery pack was disconnected from the respirator 63
Period 10 Power on-the battery pack was reconnected to the respirator 7145 Overall mean protection factor 400 
Protection factors under 'power-off' condition
In 13 tests the PAR was switched-off by the test volunteer on request, in order to simulate a total power failure, for a period of around 5-10 min. The removal of the power source had a number of effects:
(a) the increased inhalation resistance increased the volunteer's breathing rate; (b) the loss of air flow removed the cooling effect and thus the subject felt warmer and more uncomfortable; (c) the protection factor decreased.
On average, the protection factor was reduced by a factor of three, and for one volunteer by a factor of 100, when the power was removed. Ten out of 13 still achieved a good protection, i.e. a protection factor of >2000. The mean protection factors for the period of 'power-off' are shown in Table 1 . Figures 2 and 3 show the effect of the removal of the power source on the protection factor.
The visor of the Type A face mask did tend to mist a little when the unit was switched off. No misting of the face mask visor occurred in the Type B during power-off.
Effect of temperature on protection factor
The temperature of the ambient air in the test chamber was raised to around 32°C for a period during some of the tests, causing the volunteer to sweat profusely. This resulted in a definite reduction in the protection factor obtained, caused by the face mask moving on the face, thus increasing the face seal leakage. For test No. 9, when the volunteer was sweating profusely, this had the effect of reducing the protection factor from a mean of around 3850 (immediately prior to raising the temperature) to a mean of around 550. Similarly, for test No. 11, the protection factor was reduced from 7700 to 1250. Figure 2 shows the reduction in protection factor due to the volunteer sweating.
Close examination of a test run-test no. 15
In most tests there are a number of different periods to examine. Figure 3 shows the protection factor obtained for test number 15 over the duration of the test. The test has been broken down into 10 separate periods which have been identified on the plot. Table  2 details the periods and the protection factors measured.
Wearing of spectacles with conventional side arms
One of the test volunteers, (test No. 3), donned the Type B face mask whilst still wearing spectacles with conventional side arms. Figure 4 shows the protection factors obtained for test number 3, throughout the test. The initial fitting resulted in a protection factor of around 15 000. As the test subject started to perform harder work more frequent leakage spikes started to appear. These individual leakage spikes were reaching leakage levels of around 0.6%, a protection factor of around 167. A concentrated period of these leakage spikes led to an average leakage of 0.1%, a protection factor of 1000, over a period of a few minutes.
Volunteer performance during the tests
The volunteers showed a good awareness of the dangers of working with asbestos and the care needed in using RPE. There seemed to be a commitment to health and safety, particularly amongst the younger men.
We were impressed by the knowledge shown by the volunteers and all seemed to have had a thorough training in the dangers of asbestos and in RPE use. However, most of them showed some failure of detail when using RPE and in some cases these failures increased the likelihood of inward leakage.
Virtually all the volunteers once they had started on the test box worked continually stripping and rebuilding the test box with the occasional short rests when the temperature rose and the volunteer started sweating. It is very likely that being observed during the tests encouraged the volunteers to adopt good working practices but their ability to sustain this behaviour for 3-4 h of continuous work demonstrated that good practice is not impossible.
All the volunteers agreed that the test was hard; several commented that it was a realistic simulation of AIB removal. The only criticism of the test's realism was that the face masks received a good airflow throughout the test. In real stripping operations, clogging filters and poor batteries mean a reduction of airflow with time. To simulate this, (in later tests), volunteers were asked to work for a period of time with the power-off or with a partially discharged battery.
The workplace experience of the strippers varied from the shortest of 6 months to the longest of 22 yr, with a mean of 10 yr.
Observed RPE donning practices
The following donning practices were observed:
• 20 volunteers (out of the 21) did not use the air flow indicator provided by HSL. One volunteer deliberately chose not to use the flow indicator and the other volunteers never considered using the flow indicator When questioned after the simulation exercise, one volunteer reported never having seen a flow indicator before and others mentioned that often only one air flow indicator was available for use by a group of users and that some did not bother to wait to use the indicator.
• Most volunteers were reasonably clean shaven on the day of the test. • One wore normal spectacles i.e. the side arms of the spectacles extended through the seal of the mask.
• Two volunteers allowed hair to be trapped under the face seal.
• Eight volunteers fitted the mask and tightened the straps in the order recommended by the manufacturer. More importantly, only six users tightened the straps progressively, so that all straps were under tension. The effect of not having all straps under tension is that the mask can move during certain head orientations, such as up and down head movements. A common fault was to have the lower straps loose which was seen to cause leakage when the user leaned forward. Test Volunteers 4 and 6 illustrate this. Three users fitted masks with insufficient tension in any of the straps. These were subjects 15, 16, and 19. The mean initial protection factor for tests 15, 16 and 19 = 4150. The mean initial protection factor for other users = 10 000.
• Only three volunteers carried out a negative pressure test (suck down test)-one volunteer carried out a correct negative pressure test-two others attempted a negative pressure test but carried it out wrongly; one had his RPE running during the test; the other carried out a test but then removed and refitted his RPE without repeating a negative pressure test.
None of the volunteers had previously undergone quantitative or any other means of fit testing for their RPE.
Assessment of volunteers' own rpe
The volunteers own RPE was examined by HSL staff and any comments made by the volunteers were noted.
A number of faults were discovered. Some masks were poorly maintained, some were contaminated with asbestos (externally and internally) and some had become distorted around the face seal. Volunteers mentioned battery failures as a common problem and one of the batteries examined was unable to run the PAR or accept charge.
Volunteers facial dimensions
The facial dimensions of the test volunteers were measured using an anthropometer and callipers.
The four facial dimensions specified in BSEN 136 (1998) were measured.
These are: Length of Face (LoF), Width of Mouth (WoM), Depth of Face (DoF), and Width of Face (WoF).
These dimensions are shown, for each volunteer, in Table 3 along with composite face size and face shape. Composite face size is the sum of LoF, WoF, and DoF. Previous work by HSL (Bailey, 1999; Bancroft et al., 1999 , Bailey, 1999 , Bancroft et al., 1999 suggests that users with very large (>420 mm) and small (<370 mm) composite face sizes can experience difficulties in achieving good levels of protection. Face shape is also an important factor in achieving a good mask seal, although categorising facial shape remains a subjective judgement.
Experience during RPE fit testing programmes (within HSE) suggests that triangular faces, with a broad bi-zygomatic width but a narrow pointed chin, have a greater likelihood of face seal leakage than other face shapes. All the volunteers had facial dimensions within or close to the Los Alamos Grid, (Hack and McConville, 1978) . There were no significant differences in protection factors for volunteers within or outside the grid boundary.
The results confirm that a medium to large (composite size >370 mm), round face can readily achieve good protection, even tolerating some bad practice-such as not fully tensioning all the head straps. Volunteer No. 3, failing to remove his spectacles, is an example of this, see Fig. 4 .
Two volunteers gave cause for concern regarding facial size and shape. Volunteer No. 9 had a small face (composite size <350 mm). He and his employer were aware of this and he had consequently been issued with a Type A mask which he felt was a good fit; his company normally use Type B respirators. By tight fitting of the mask he achieved an overall protection factor of 2000, but after readjustment, he showed a tendency to higher leakage (PF<2000). Although Type A mask was smaller than Type B mask, it was still too large to obtain a reliable fit. When worn by volunteer No. 9 the head harness straps were pulled well beyond the 'ribbed' section. This 'ribbed' section prevents the harness straps from slipping back through the buckles leading to a loose fit. Consequently, the head harness straps on the face mask of volunteer No. 9 did tend to slip during the test leading to lower protection factors.
Volunteer 15 had a triangular face and in his case the problem was compounded by a poor fitting technique. His initial fit protection factor (2300) was the lowest measured. When he tightened some of the straps of his mask he achieved a protection factor of 7150. However, the mask was still not fully secure and when we later simulated a battery failure, by switching off the power to his RPE, we measured a protection factor of <50.
DISCUSSION AND CONCLUSION
The major difference in the performance of the RPE between the simulated tests reported here and the real workplace relates to the penetration through the filter and the general condition of the RPE. However, since this study principally relates RPE performance to wearer actions, filter performance is not significant here.
Although measured protection factors cannot be directly related to workplace performance, we believe that the simulation was sufficiently realistic that patterns of RPE performance can be related to real life performance; practices which gave rise to increased inward leakage in the simulation would have the same effect in the workplace.
The overall protection factors all exceed the APF values for a PAR. This is hardly surprising in view of the good condition of the RPE and the volunteers being observed throughout the test. If we consider the protection factor of <50 achieved by volunteer 15 with a problematic facial shape, poor fitting technique, and discharged battery; and if we speculate about the effects on protection factor of the inadequately maintained RPE used in the industry; we can expect very low protection factors in some cases. This supports the use of low APF values.
However, despite the definition of APF, we also conclude that if bad practices are avoided and good practices are adopted, properly fitting PAR can achieve protection factors in excess of the NPF. Protection factors below the nominal protection factor would invariably be associated with incorrect use and maintenance.
None of the test volunteers fitted the RPE in exactly the way described in the manufacturers' instructions, however 7 out of 21 fitted their mask in an acceptable way (i.e. all the straps were under tension and the face seal was not obstructed with hair or spectacle arms). These seven most closely approached the definition in BS4275. Of these test subjects, the lowest overall protection factor achieved was 3350 (volunteer No. 1) .
Although all the volunteers were knowledgeable about the dangers of working with asbestos and the need for RPE they seemed to have less detailed knowledge about how to use their own RPE. Particular weaknesses were:
• failing to use a flow indicator before donning the RPE-this indicates the condition of the battery, filter and fan unit; • failing to carry out a pre-use check including a negative pressure test-this will reveal any serious face seal or valve leakage; • failing to don the mask correctly-this, we believe, is the single most important factor in achieving a good level of protection especially if other factors such as facial shape or size are less than ideal.
At the initial selection stage a choice of masks should be available. A 'take it or leave it' approach, as reported by a few volunteers, is not good practice. Additionally a method of checking the quality of fit at the selection stage, i.e. quantitative fit testing, should be employed for each individual.
To summarize the main findings of the study:
• Observed low levels of protection were invariably associated with incorrect use and poor maintenance.
• Volunteers own respirators were often contaminated and in poor condition. This together with the various bad practices observed and the current levels of training and maintenance falls somewhat short of ideal, and of the APF definition.
• The study further emphasizes the fact that with careful selection, facepiece fit testing, correct use and maintenance, power assisted respirators are capable of providing protection at levels above the current APF value.
• Manufacturers could do more to encourage good practices. For example: improved harness design, and introducing battery replacement schemes.
• Wearer training in the use of their RPE is not adequate.
• The definition of APF should be changed to better reflect the workplace situation.
